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 FORMATION OF CALCIUM OXALATE CRYSTALS
 ASSOCIATED WITH APOTHECIA OF THE
 DISCOMYCETE DASYSCYPHA CAPITATA
 HARRY T. HORNER, LOIS H. TIFFANY, AND ANITA M. CODY
 Department of Botany, Iowa State University,
 Ames, Iowa 50011
 ABSTRACT
 Calcium oxalate dihydrate crystals form at or near the tips of sterile hairs on the apothecia
 of the oak leaf litter discomycete Dasyscypha capitata. Early in their development, the crystals
 appear to be covered by a wall or membrane, whereas later they appear external. The crystals
 on each hair form a mass of crystals called a druse. Quite often the smaller crystals near the
 apex of the tip form a rosette, whereas the more peripheral crystals are much larger and
 display shapes possibly related to environmental factors. The formation and development
 of Dasyscypha crystals are compared with recent studies of other litter and soil fungi and
 their presence in other biological systems is put into perspective.
 Key Words: Dasyscypha, calcium oxalate, crystals, weddellite, apothecia, discomycete.
 Oxalate formation occurs commonly throughout the plant kingdom (Hodg-
 kinson, 1977; Franceschi and Horner, 1980b) and specifically in a variety of fungi
 (Hamlet and Plowright, 1877; de Bary, 1887; Wehmer, 1891, 1892; Zellner, 1907).
 The oxalate biosynthetic pathways in fungi have been reviewed by Foster (1949),
 Martin (1960), and Hodgkinson (1977). Schmidt (1847) first identified calcium
 oxalate crystals in fungi, from a beer yeast (Hodgkinson, 1977).
 There are numerous reports describing calcium oxalate crystals associated with
 the fruiting structures of fungi (Thielke, 1966) such as on the spines of the sporangia
 of Mucor plumbeus Bon. and Cunninghamella echinulata (Thaxt.) Thaxt. (Jones
 et al., 1976), and zygophores and sporangiophores of Mucor mucedo Brefeld
 (Urbanus et al., 1978). Both wood rotting fungi (Scurfield et al., 1973) and soil
 fungi (Graustein et al., 1977; Cromack et al., 1979) display crystals on the surfaces
 of their vegetative hyphae. These latter two reports, along with several earlier
 studies, suggest that oxalate is produced by the fungus, excreted, and combined
 with external calcium to produce crystals. In contrast, Arnott (1982) observed
 crystals within the hyphae of an unidentified leaf litter fungus. Soil and litter fungi
 which produce oxalate and calcium oxalate crystals are of special interest because
 of their suggested roles in facilitating weathering of primary minerals and clays
 and movement of certain cations (Cromack et al., 1979).
 Our study extends the observations of calcium oxalate crystals associated with
 a leaf litter fungus, Dasyscypha capitata (Peck) Le Gal (Dennis, 1949), and raises
 questions about the origin of the crystals, their crystallography and crystal habit,
 and their presence in a leaf-litter environment.
 MATERIALS AND METHODS
 Organism.- Developing and mature apothecia of Dasyscypha capitata with crys-
 tals (Hyaloscyphaceae, Helotiales; Dennis, 1949) were collected from Quercus
 alba L. leaf litter at three Iowa locations: Pammel Woods, Iowa State University,
 Ames, Story Co. (site 1); Lacey-Keosauqua State Park, Van Buren Co. (site 2);
 and Pilot Knob State Park, Hancock Co. (site 3). Leaves brought to the laboratory
 423
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 TABLE I
 MICROCHEMICAL TESTS CONDUCTED ON Dasyscypha capitata CRYSTALS
 TREATMENT RESULTS
 70% ethanol Insoluble
 2% acetic acid Insoluble
 4% sodium hydroxide Insoluble
 4% sulfuric acid Soluble
 60% sulfuric acid Soluble
 3% nitric acid Soluble plus effervescence
 10% hydrochloric acid Soluble plus effervescence
 60% sulfuric acid plus evaporation Crystals about 127 ,um in size form; extinction at
 37° from (100) indicating gypsum.
 0.05 M hydrochloric acid plus evaporation Birefringent, elongate crystals produced; crystals
 plus water dissolution dissolve.
 were either allowed to air dry or were placed in a moist chamber to sustain further
 fungal development.
 Microchemical analyses.- Because of the small size of the crystal masses, micro-
 chemical analyses were performed on 20 entire apothecia and the course of each
 reaction observed at 400X with bright-field microscopy. Solubility tests (Frey,
 1929; Pohl, 1965) for calcium oxalate were conducted using 70% ethanol, 2%
 acetic acid, 4% sodium hydroxide, 4% and 60% sulfuric acid, 3% nitric acid, and
 10% hydrochloric acid. Another test for calcium oxalate using 0.05 M hydrochloric
 acid, polarized light, and water dissolution was attempted (Jones and White, 1946).
 The presence of calcium was determined using 60% sulfuric acid on the crystals
 and allowing the preparation to partly evaporate (Frey, 1929).
 Optical analyses and observations. -Apothecia and their associated crystals were
 immersed in optical index oils n = 1.57, 1.59 and observed between crossed
 polarizers at 1000X on a microscope with a rotating stage to measure extinction
 angles of the crystals. The Becke line technique and oblique illumination were
 used to determine the refractive indices of the crystals (Wahlstrom, 1960; Bloss,
 1961). Whole leaves were viewed and photographed with a macro-dia apparatus
 using reflected light.
 X-ray diffraction analysis. -Forty apothecia were removed individually from leaves
 with a dissecting needle and mounted on an X-ray spindle cut from a gelatin
 capsule and lightly coated with petroleum jelly. The spindle was mounted in a
 114 mm Debye-Sherrer X-ray powder camera and exposed to nickel-filtered CuKa
 radiation for 8 h. The strip film was developed and the diffraction lines were
 measured and compared with the American Society for Testing Materials (ASTM)
 X-ray standard file cards 17-541 and 20-231 for weddellite and whewellite, re-
 spectively.
 Scanning electron microscopy (SEM).- Small pieces (ca. 1 X 1 mm) of leaf lamina
 with developing apothecia were cut from the dried or moist leaves using a razor
 blade. Dried pieces were affixed to SEM stubs using either double-stick tape or
 silver cement. Preparations were coated with ca. 15 nm of gold-palladium in a
 Polaron E5100 sputter coater. Moist pieces of leaf containing developing apothecia
 were immersed in 1.5% paraformaldehyde-2.5% glutaraldehyde in a 0.1 M phos-
 phate buffer (pH 7.24) at 4 C overnight. Pieces were washed three times, for 20
 min duration each wash, and postfixed in 1% osmium tetroxide in the same buffer
 and temperature for 45 min. Following fixation, pieces were rinsed briefly in buffer
 424
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 TABLE II
 X-RAY DIFFRACTION ANALYSIS OF Dasyscypha capitata CRYSTALS COMPARED TO ASTM-STANDARD
 FOR WEDDELLITE
 ASTM-STANDARD FOR WEDDELLITE DASYSCYPHA DASYSCYPHA
 d A0 I/I, dA°0
 6.182 100 6.18
 4.422 30 4.41
 3.91 8 3.91
 3.68 12 3.67
 3.39 4 3.39
 3.09 10 3.08
 2.815 14 2.82
 2.7752 65 2.783
 2.243 25 2.25
 2.118 8 2.11
 2.024 6 2.024
 1.899 16 1.90
 1.836 10 1.84
 1.696 4 1.70
 1.622 2 1.62
 1.564 2 1.566
 1.498 2 1.497 + 4 back reflections
 d A° values for Dasyscypha are uncorrected for film shrinkage.
 2 Major identifying lines.
 3 One dark line.
 three times at room temperature and dehydrated through a graded ethanol series
 to absolute ethanol. Freon TF was used as a transitional fluid with final immersion
 in liquid CO2 in a critical point dryer. Dried pieces were mounted and metal-
 coated as previously described. Observations and photographs were made on a
 JEOL-JSM 35 SEM operated between 15 and 25 KV and a beam current of 60
 and 100 ,tA. Polaroid Type 665 film was used.
 X-ray elemental analysis. -Unfixed, air-dried apothecia and individual hairs with
 and without crystals were analyzed for X-ray emission using a Kevex 5000A
 multichannel analyzer interfaced with the SEM. Accelerating voltages between 15
 and 25 kV were used along with beam currents of 80 and 100 ,uA. X-ray maps
 and line scans were generated to localize individual elements more specifically.
 RESULTS
 White oak leaf litter from each of the three collecting sites displayed apothecia
 of Dasyscypha capitata at all stages of development: from the very young, just
 emerging fruiting bodies without crystals, to the fully expanded, mature apothecia
 with crystals. Fruiting bodies typically were found indiscriminately scattered on
 the abaxial leaf surface. Apothecia appeared whitish; larger ones were visible to
 the naked eye. Peripheral hairs on apothecia from all three collection sites dis-
 played terminal masses of crystals called druses.
 Microchemical analyses. -Tests indicated that the crystals were calcium oxalate
 based on their solubility in certain reagents (TABLE I). In addition, treatment of
 20 apothecia with a drop of 0.05 M hydrochloric acid, which was allowed to
 evaporate completely, produced birefringent, monoclinic crystals with elongate
 shapes characteristic of the double salt calcium oxalate chloride dihydrate
 425
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 (CaC204 CaCl2 2H20). When a drop of distilled water was added, the crystals
 crumbled within 5 min (TABLE I).
 The presence of calcium in the Dasyscypha crystals was determined by dis-
 solving the crystals in 60% sulfuric acid and allowing the drop to partly evaporate.
 Monoclinic crystals of gypsum (CaSO4), about 127 ,tm long, were identified by
 their extinction in polarized light at 37° from the (100) face (TABLE I; Frey, 1929).
 Optical analyses in polarized light showed that the crystals were tetragonal
 because crystals viewed along their principal axes did not extinguish during 180°
 rotation. Optical index oil n = 1.57 and the Becke line, resulting from low angle
 reflection and refraction at the interface between the oil and crystal, were used to
 determine the refractive indices of the crystals. When index oils n = 1.57 and n =
 1.59 were used, the optical indices of calcium oxalate dihydrate (weddellite) (n, =
 1.552 and n, = 1.583; Frey, 1929) were shown. The method of oblique illumi-
 nation gave the same results.
 X-ray analyses.-X-ray diffraction analysis of 40 apothecia (when compared to
 the ASTM-Standard; TABLE II) demonstrated that the crystals were weddellite.
 X-ray elemental analyses of bulk specimens, using the SEM, localized calcium
 (Ca) specifically within the crystals. Young hairs without visible crystals showed
 a distinct peak for phosphorus (P) and a smaller peak for Ca. As crystals became
 more prevalent at the tips of the hairs, the P peak diminished in size and the Ca
 peak became predominant.
 Scanning electron microscopy.-Dasyscypha capitata collected from all three lo-
 cations was similar during the development of the apothecia. Micrographs pre-
 sented in this study were representative of all three locations (site 1 = FIGS. 1, 2,
 4, 13-18, 20-26; site 2 = FIG. 19; site 3 = FIGS. 3, 5-12).
 Apothecia occurred indiscriminately on the lower leaf lamina as seen by macro-
 dia reflected light (FIG. 1) and SEM (FIG. 2). The earliest externally visible stage
 of apothecial development appeared as a cuticular or epidermal mound (FIG. 3)
 that split open revealing sterile hairs without any crystals (FIG. 4). As each apo-
 thecium increased in size, more hairs became visible and had a slightly enlarged
 tip (FIG. 5). Later, the older, more peripheral hairs, which had granules over their
 entire surfaces, developed masses of crystals at their tips (FIGS. 6, 7). The younger,
 more central hairs lacked crystals (FIG. 8).
 FIGS. 1-6. Dasyscypha capitata. 1. Light micrograph of developing apothecia on freshly collected
 litter. 2-6. SEM of air-dried apothecia. 2. Apothecia at different stages of development. 3. Young
 apothecium prior to emergence. 4. Young apothecium with peripheral hairs without crystals. 5. Young
 apothecium with more visible hairs without crystals. 6. Young apothecium with hairs and terminal
 crystals. Bar scales equal 250 ,um on FIGS. 1, 2; 20 jum on FIG. 6; 10 ,um on FIGS. 3-5.
 FIGS. 7-12. Dasyscypha capitata. 7. Young apothecium with hairs and terminal crystals. 8.
 Center of young apothecium showing central hairs without crystals and peripheral hairs with increasing
 numbers of crystals. 9. Tips of three adjacent hairs with granules. Tip of upper left hair has no visible
 crystals while middle and lower right hairs display increasing numbers of crystals. Crystals appear
 covered by wall or membrane. 10. Hair showing terminal crystals at early stage of development.
 Crystals are tetragonal bipyramids and appear covered. 11. Hair with terminal crystals more pro-
 nounced. Covering over crystals is less evident. 12. Bipyramidal crystals at hair tip are larger with
 little evidence of any covering. Bar scales equal 70 jum on FIGS. 7, 8; 2 Am on FIG. 9; 1 ,Um on others.
 FIGS. 13-17. Dasyscypha capitata. 13. Stereopair of hair tip with developing block-shaped
 crystals. 14. Expanding apothecium. Central asci are surrounded by hairs with many crystals. 15.
 Expanding apothecium. All peripheral hairs have crystals. 16. Expanding apothecium. 17. Expanded
 apothecium. Bar scales equal 250 ,um on FIG. 14; 100 um on FIG. 17; 50 gtm on FIG. 13.
 426
This content downloaded from 129.186.176.217 on Wed, 29 Jun 2016 19:57:43 UTC
All use subject to http://about.jstor.org/terms
 HORNER ET AL.: DASYSCYPHA CRYSTALS
 F a' c
 "1
 4.
 ,* P"
 K i - Y -
 1'-.'
 ;A
 GM
 427
 ,. . . I . . . w: w
 ... ... -- .,
 '~j~~~ .. -..,~i:
 I
 I
 I
 I
 s I
 *- T
 kL
 I » i,
 LV
This content downloaded from 129.186.176.217 on Wed, 29 Jun 2016 19:57:43 UTC
All use subject to http://about.jstor.org/terms
 MYCOLOGIA
 S-
 r i
 r^
 y 4-*-A i . ol»1 4 t
 I.1
 Ii
 #4
 140
 m I
 428
 dtt
 . 4
 As
 ;3:~~~~~~~~~~
 .P,~~~~~~~~~~~~~~~~~~~~~4P
 'ic-,
 ~~~~~~Jw~~~~~~
 ,. 1A Z
 .Is 46.
 'A . . j' ..
 .... -d 0
 A
 4., ,
This content downloaded from 129.186.176.217 on Wed, 29 Jun 2016 19:57:43 UTC
All use subject to http://about.jstor.org/terms
 HORNER ET AL.: DASYSCYPHA CRYSTALS  429
 '1C~C·r7
 .,.
 * t.
 F* . -... .
 ,
 w-
 -'4
 I B
 . ~r....
 ..,. A."'.} /ii
 4- 1 .. - - --Ip
 . . . .40 .1 1'1':, 'A',---.4 440 IvA .
 - I .
 'r . . h
 . t/,, . %,g . I , .
 _. *
 ,r -up
 - At
 ..''L, : A
This content downloaded from 129.186.176.217 on Wed, 29 Jun 2016 19:57:43 UTC
All use subject to http://about.jstor.org/terms
 MYCOLOGIA
 I
 & ( ' U
 .6^
 t . -T F'
 /o -
 r
 .., _ /
 .: Ilk
 € .  4' I j
 L
 V.
 4I
 .It %it
 4-
 430
 ...... ft.. I4
 v .s
 bt.w
 i._F <? ^"
 I + .
 ..> #I_
 i.A A<
 r*-
This content downloaded from 129.186.176.217 on Wed, 29 Jun 2016 19:57:43 UTC
All use subject to http://about.jstor.org/terms
 HORNER ET AL.: DASYSCYPHA CRYSTALS
 When crystals became visible (FIG. 9), individual crystal faces were not clearly
 delineated. The crystals initially were covered by either a wall or membrane that
 was not granulated (FIGS. 10, 11). As more crystal material accumulated, crystal
 faces became apparent (FIG. 12). Generally, each crystal occurred as an 8-sided
 tetragonal bipyramid (FIG. 12, arrows) or as a block-shaped tetragonal prism as
 is shown in the stereopair (FIG. 13) where the larger crystals were at the periphery
 of the tip.
 Each apothecium enlarged into a disc exposing the central asci (FIGS. 14-17).
 All peripheral hair tips displayed masses or aggregates of calcium oxalate crystals
 (FIG. 18) about 10-15 gum in diam. Each aggregate of crystals on a tip was des-
 ignated as a druse. We could not determine whether the crystals and/or druses at
 later stages of development were covered with a wall or membrane.
 The appearance of individual crystals, as well as their aggregates, varied even
 on the same leaf. Some druses consisted of relatively small crystals tightly packed
 in rosette patterns (FIG. 19; stereopair FIG. 20), especially at the tip of the hair
 (FIGS. 19, 21). Other crystals were much larger and displayed irregular crystal
 faces (FIGS. 21, 22; stereopair FIG. 23). These latter crystals were more common
 farther from the tip. Each of these repetitive individual crystals was similar to
 the basic 8-sided bipyramid mentioned earlier.
 Apothecia that were chemically-fixed and critical point-dried lacked crystals
 on the outer hair surfaces. Sterile hairs were robust and had enlarged tips (FIG.
 24). The tips were free of granules but they typically displayed a depressed center
 and a fluted crown (FIG. 25; stereopair FIG. 26). Small pores or openings were
 apparent in the depressions at high magnification (stereopair FIG. 26).
 DISCUSSION
 Dasyscypha capitata is a convenient organism for studying formation of cal-
 cium oxalate crystals because almost all stages of fruiting body and crystal de-
 velopment can be observed on a single leaf. Furthermore, growth of the fungus
 can be continued easily by keeping the leaves in a simple moist chamber.
 Dennis (1949), in his taxonomic treatment of Dasyscypha, points out the
 excretory function of the hairs which either produce crystals or resin. In those
 species producing hairs, the least specialized taxa form small crystals (which he
 says are presumably calcium oxalate) over the outer surface of the thin-walled
 cylindrical hairs. The more advanced taxa show crystals concentrated at the tip
 of hairs. The hairs have a thickened wall over most of their length (such as in D.
 capitata). A further specialization in some species with colored hairs shows crystals
 only at the tip of hairs with smooth lateral wall surfaces. The most extreme cases
 of hair specialization depict smooth hairs, without crystals, and the apical region
 excreting only resin.
 The fully-formed crystals on the sterile hairs of D. capitata, and those on the
 hyphae of the soil fungus Hysterangium crassum (Graustein et al., 1977; Cromack
 et al., 1979) and the unidentified leaf litter fungus of Arnott (1982) appear to be
 on the outer surfaces of their associated structures, i.e., external. The individual
 FIGS. 18-22. Dasyscypha capitata. 18. Masses of terminal crystals on peripheral hairs. 19. A
 single mass (druse) of crystals in rosette pattern. Smallest crystals are near tip; larger crystals are at
 periphery of tip. 20. Stereopair showing druses at tips of two adjacent hairs. 21. A single druse shown
 from side. Small, terminal crystals at right; larger, more peripheral crystals to left. Note multiple steps
 on larger tetragonal crystals. 22. Side view of single druse emphasizing multiple steps on large tetragonal
 crystals. Bar scales equal 5 ,um on FIGS. 18, 20; 2 Am on FIGS. 21, 22; 1 ,gm on FIG. 19.
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 crystals of Dasyscypha capitata and Hysterangium crassum (Graustein et al.,
 1977) are aggregated into clusters or druses while those described by Arnott (1982)
 are elongated and separate, and cover the entire hyphal surface.
 Microchemical, optical, and X-ray diffraction analyses, along with SEM, clearly
 demonstrate that the Dasyscypha crystals are calcium oxalate dihydrate (wed-
 dellite). This result is consistent with those of Graustein et al. (1977), Cromack
 et al. (1979), and Amott (1982). However, Graustein et al. (1977) observed that
 two of their four collections, all from vastly different localities, were the mono-
 hydrate form (whewellite). They observed some tetragonal bipyramids in one of
 these latter collections but their X-ray diffraction patterns did not demonstrate a
 mixture of both hydration forms.
 Both forms can be produced by a variety of fungi and other plants (Franceschi
 and Homer, 1980b) and may occur within related taxa (Rivera and Smith, 1979;
 Jackson, 1981) and even in the same species (i.e., Allium: Frey, 1925; Jaccard and
 Frey, 1928; Frey-Wyssling, 1981). This means that there are not only distinct
 physical/chemical factors controlling the degree of hydration, but also biological
 factors. Graustein et al. (1977), Tazzoli and Domeneghetti (1980), and Frey-
 Wyssling (1981) suggest that the dihydrate form can be converted into the mono-
 hydrate form under certain conditions. We believe the results obtained in our
 study, and in those by Graustein et al. (1977) and Arnott (1982), represent the
 natural situation for each fungus in its habitat.
 The question of whether the crystals are external to the fungus or are covered
 by a wall or membrane is still unanswered. Graustein et al. (1977) think the fungus
 excretes oxalic acid through its hyphae into the soil water where it combines with
 the calcium ions. Unfortunately, no micrographs were shown of young hyphae in
 early stages of crystal development where a wall or membrane covering could be
 seen. Two other observations not mentioned by these authors, but visible in their
 micrographs, are the uniform size of the druses and their regular spacings along
 the hyphae. It is difficult to perceive that uniform size and regular spacings happen
 in a varying biological-soil-water environment.
 Amott (1982) clearly shows a wall or membrane around the young, developing
 hyphal crystals of his leaf litter fungus. The covering disappears as the crystals
 reach maximum size. Our observations with Dasyscypha show a similar devel-
 opment, indicating that the crystals are formed internally and, because of their
 large size and position as they near maturity, they stretch the wall or membrane
 around them making it undetectable. There is precedence for this interpretation
 as it has been demonstrated in a number of higher plants (Horner and Franceschi,
 1978; Franceschi and Homer, 1980b).
 The appearance of hair tips without any crystals in chemically-fixed Dasy-
 scypha confuses the issue. Two possible explanations are that the crystals were
 dissolved by the chemical agents during preservation or that they were mechan-
 ically removed during agitation either because they were external to begin with,
 or because the surrounding wall or membrane containing the crystals was so thin
 and fragile that it broke during processing. Additional studies with more ade-
 FIGS. 23-26. Dasyscypha capitata. 23. Stereopair of air-dried mature druse. Note both rosette
 crystal pattern and larger peripheral crystals with steps. 24. Periphery of chemically-fixed apothecium.
 Crystals are absent, exposing individual hairs with enlarged tips. 25. Mature tips of three chemically-
 fixed hairs with granules. Crown of tip shows well-marked indentations presumably left by crystals.
 Depression at center of tip displays small openings. 26. Stereopair of tip of chemically-fixed mature
 hair. Note openings in depression surrounded by crown. Bar scales equal 10 um on FIG. 24; 2 um on
 FIGS. 23, 25, 26.
 433
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 quately-preserved material, and utilizing transmission electron microscopy, need
 to be conducted to answer the question of crystal origin.
 The occurrence of rosette clusters of small crystals at the tip of each mature
 hair and flanking large crystals with step-like surfaces were common features from
 all three collection sites for Dasyscypha. These findings suggest that during apothe-
 cial growth, crystals were typically formed at the hair tips and older crystals move
 to the periphery of the tip where they continue to enlarge, and that steps observed
 on these latter crystals represent actual periods of growth of the fungus (and
 crystals) as it goes through its daily cycle. This last interpretation implies both a
 diurnal cycle and one based on wet-dry periods typically encountered in a litter
 environment.
 The fact that the oak leaves are not usually submerged in water, even though
 the litter environment needs to be moist for fungal growth to occur, further suggests
 that calcium is derived directly from the fungus along with oxalic acid. Whether
 the soil fungus of Graustein et al. (1977) really represents a different system for
 calcium oxalate production is not possible to answer at this time.
 The basic question of the functional value of the crystals in Dasyscypha or
 any higher plant is open to speculation. It seems reasonable that the crystals
 represent an excretion product (Dennis, 1949; Hodgkinson, 1977). However, until
 studies are conducted to elucidate the physiological and metabolic pathways of
 oxalate production (Franceschi and Horner, 1979, 1980a; Kausch and Horner,
 1982) and the factors leading to calcium oxalate crystal nucleation, development,
 and shape (Cody et al., 1982), we think any speculation is premature.
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